Zn, the uncertainties could be significantly improved, while the 70 Zn cross section was found two times smaller than existing model calculations. From these results Maxwellian average cross sections were determined between 5 and 100 keV. Additionally, the β-decay half-life of 71 Zn m could be determined with significantly improved accuracy. The consequences of these data have been studied by network calculations for convective core He burning and convective shell C burning in massive stars.
I. INTRODUCTION
The signature of the s-process contribution to the solar abundances implies two parts, a main component, which is responsible for the mass region from Y to Bi, and a weak component, which dominates in the region between Fe and Sr. The main component can be assigned to low mass stars with 1 ≤ M/M ⊙ ≤ 3, whereas the weak component is related to massive stars with M ≥ 8M ⊙ (M ⊙ stands for the mass of the sun). Because of the much shorter evolution times of massive stars, the s-process enrichment of the Universe starts with the lighter s elements. Accordingly, the weak s process is important for the early stellar populations and for Galactic chemical evolution in general [1, 2] .
The s process in massive stars occurs in two steps during different evolutionary phases. Neutrons are mainly produced by the 22 Ne(α, n) 25 Mg reaction in both cases, but at rather different temperatures and neutron densities. During core He burning, neutrons are produced near core He exhaustion at temperatures of T =(2.5 -3.5)×10 8 K for about 10 4 years with neutron densities 10 6 cm −3 , whereas the higher temperatures of T =(1.0 -1.4)×10
9 K during the subsequent carbon shell burning phase give rise to peak neutron densities of about 10 12 cm −3 [3] [4] [5] . In the scenarios for the main and weak s process, the stellar (n, γ) cross sections of the involved isotopes constitute the essential nuclear physics input, but with an important difference: The high neutron exposure during the main component leads to equilibrium in the reaction flow, expressed by the so-called local approximation σ N s = constant, which holds true for isotopes between magic neutron numbers. This relation implies that the emerging s abundances are inversely proportional to the stellar cross sections and that the uncertainty of a particular cross section affects only the abundance of that specific isotope. In contrast, the neutron exposure in massive stars is too small to achieve flow equilibrium, and this means that cross section uncertainties are not only influencing the abundance of that particular isotope but have a potentially strong propagating effect on the abundances of the subsequent isotopes involved in the s-process chain.
This propagation effect was first discussed for the 62 Ni(n, γ)
63 Ni reaction [6] and later investigated for the complete reaction chain of the weak s process [7] [8] [9] . Computations with different choices for the Maxwellian averaged cross sections (MACS) showed important bottleneck effects and the significant impact of crucial capture rates near the Fe seed on the abundances of the subsequent isotopes in the reaction chain. Limitations in the quality of stellar cross sections can, therefore, have serious consequences for the contributions of the weak s process to Galactic chemical evolution.
Stellar neutron capture cross sections in the mass region of the weak s process are often not available with the required accuracy. In case of the Zn isotopes, experimental data suffer from large uncertainties or are even missing as for 70 Zn [10, 11] . Therefore, a series of activation measurements has been performed at the Karlsruhe 3.7 MV Van de Graaff on natural Zn to improve the accessible cross sections for 64, 70 Zn and for the partial cross section of 68 Zn. Because these isotopes have relatively small cross sections of less than about 50 mb, they are expected to give rise to large propagation effects in the final abundance distribution.
Apart from its propagation effect in the weak s process, Zn is of general interest for Galactic evolution. Though it is commonly accepted that Zn is produced by a variety of scenarios the respective nucleosynthesis mechanisms and their relative contributions are poorly understood. Spectroscopic observations over a range of stellar metallicities (e.g. Refs. [12] [13] [14] ) found indications of an overabundance of Zn compared to Fe in low-Z stars, but an explanation for this excess appears premature in view of the present uncertainties concerning the origin of Zn. In massive stars, the s process component of the Zn isotopes is obscured by the fact that measured neutron capture cross sections are scarce, uncertain or even missing.
Experimental technique and measurements are described in Sec. II, Secs. III and IV deal with data analysis and results. Maxwellian average cross sections (MACS) and the related astrophysical aspects are discussed in Sec. V.
II. MEASUREMENTS A. Experimental technique
The activation method represents a well established and accurate approach to determine MACSs at kT = 25 keV by producing a quasi-stellar neutron spectrum via the 7 Li(p, n) 7 Be reaction [15] . This method has been extensively used, mostly for measurements related to the main s-process component (for examples see Refs. [16] [17] [18] ). In the present experiment, the proton beam with an energy of E p =1912 keV, 30 keV above the reaction threshold, was delivered by the Karlsruhe 3.7 MV Van de Graaff accelerator with typical intensities of 100 µA. The neutron production targets consisted of 30 µm thick metallic Li layers evaporated onto water cooled copper backings. In this way, neutrons are kinematically collimated into a forward cone of 120
• opening angle. Neutron moderation is avoided since cooling is achieved by lateral heat conduction to the water flow outside of this cone. Throughout the irradiations the neutron flux was continuously monitored and recorded in time steps of typically 60 s by means of a 6 Li-glass detector at 1 m distance from the target. This information is important to account for fluctuations of the neutron yield in evaluating the fraction of the reaction products that decay already during the irradiations.
For a sketch of the experimental setup and more details see Ref. [7] for example.
B. Samples and irradiations
In total, four activations were performed with three metallic Zn samples 8 and 12 mm in diameter and 0.5 and 1 mm in thickness to minimize uncertainties stemming from sample geometry ( Table I ). The samples were sandwiched between 0.03 mm thick gold foils of the same diameter, which served as neutron flux monitors using the well known Au reference cross section [19] . During the activations the samples were placed completely inside the neutron cone in contact with the neutron target at the position of highest flux. The relative isotope abundance ratios adopted from Ref. [20] Activation times were chosen between 3 and 44 h according to the half lives of the various product nuclei and to test the respective time-dependent corrections applied in data analysis. The integrated flux values listed in Table I correspond to average fluxes between 0.6 and 1.1 × 10 9 s −1 , depending on the performance of the accelerator and of the Li target.
C. Induced activities
The induced activities are characterized by energetic γ-ray lines. The corresponding decay data are listed in Table II .
The higher activities of the gold foils were measured with a well calibrated, passively shielded 76 cm 3 HPGe detector with 1.7 keV resolution at 1.33 MeV γ-ray energy and a relative efficiency of 30%.
The Zn activities were counted with two Clover type HPGe detectors facing each other in close geometry. Each Clover detector (Eurisys Measures) consists of four independent n-type Ge crystals in a four-leaf clover arrangement with 0.2 mm gaps in between. The originally cylindrical crystals 50 mm in diameter and 70 mm in length are shaped as shown in The individual Ge crystals have a resolution of typically 2.0 keV at 1.33 MeV. At 122 keV, the peak-to-total ratio is ∼45. The detector can be operated either in single mode by considering the signals from each crystal independently or in calorimetric mode, when coincident signals from different crystals are added off-line. In this way Compton-scattered events can be restored in the sum spectrum if the scattered photon is detected in one of the neighbouring crystals, resulting in a significantly higher full-energy-peak efficiency.
In both setups, the counting position could be reproduced within 0.1 mm by means of special adapters. This feature was crucial for obtaining a well defined efficiency, especially for the close geometry of the two Clover detectors. Examples for the accumulated γ spectra are shown in Fig. 2 Cs) complemented by a detailed Monte-Carlo simulation using a full model of the setup as sketched above. These simulations were particularly important for determining the efficiencies in the calorimetric mode, which was used for the 910 keV transition in the decay of 71 Zn g . The absolute efficiencies for the two detection modes of the Clover setup are compared in Fig. 3 . A detailed description of the simulations and the calibration procedure is given in Ref. [25] .
The simulations provided also the small corrections to the measured peak detection efficiency values for the point-like calibration sources (ǫ γ ). These corrections, which are listed in Table III , refer to the actual diameter of the samples (K ext ), to γ-ray absorption in the sample (K abs ), and to the possible summing of cascade transitions (K sum ). Table IV ). Ga including a fit to the data, see Table IV . The error bars are smaller than the symbols. The given value of t 1/2 = 4.125(7) h is the weighted average derived from the shown decay curves. It differs significantly from the previously recommended half-life of 3.96(5) h [23] .
The decay curves based on the γ transitions with energies of 386, 487, and 620 keV in 71 Ga are shown in Fig. 4 for about seven half-lives of 71 Zn m . The activity was followed for more than ten half-lives until no significant signals above background could be detected. The weighted average derived from a fit to these decay curves results in new half life of 4.125(7) h with a significantly improved uncertainty compared to the previously recommended value [23] .
Combining this new result with the former values as listed in Tab. IV yields a weighted average of 4.120(7) h. Only with this revised half life the deduced cross section for the reaction 71 Zn m became independent of the time interval chosen for the activity determination. This was impossible to achieve using the previously recommended half life [23] .
B. Cross section determination
The total number of activated nuclei A is given by
where φ is the time integrated neutron flux, N the number of sample atoms, and σ the spectrum averaged neutron capture cross section. The factor f b accounts for variations of the neutron flux and for the decay during activation.
The number of activated nuclei in Eq. (1) is determined from the number of counts in a characteristic γ-ray line, (2) where K γ combines the correction factors listed in columns 5 -7 of Table III , ε γ the efficiency of the HPGedetection system, I γ the line intensity, t w the waiting time between irradiation and γ-spectroscopy, and t m the duration of the activity measurement.
The time-integrated flux at the sample position, φ, is determined from the intensities of the 412 keV γ-ray line in the spectra of the gold foils [29] ,
The neutron flux seen by the gold samples follows from the number of 198 Au nuclei,
where the correction f b accounts for the fraction of 198 Au nuclei that decayed already during the irradiation [15] . The spectrum-integrated 197 Au(n, γ) cross section is obtained by folding the corresponding neutron spectra, which were calculated with the code PINO [30] (Fig. 5) with the differential 197 Au(n, γ) cross section of Macklin [31] normalized to the value for kT = 25 keV of Ratynski and Käppeler [19] .
The integrated flux values determined by the gold foils and the corresponding average seen by the Zn samples are given in Table V [19] . The simulated spectra contain a weighting factor for neutrons emitted at larger angles with respect to the incoming proton beam, which is not included in the experimental spectrum of [19] . Details of the simulations can be found in [30] . 
C. Uncertainties
The experimental uncertainties are summarized in Table VI, where the investigated reactions are indicated by the respective product nuclei.
Significant contributions to the overall uncertainty originate from the gold reference cross section, the efficiency of the HPGe detectors, and the time integrated neutron flux. The 70 Zn cross sections are also affected by uncertain γ-decay intensities. Any improvement of these data would, therefore, be important.
Because statistical uncertainties were found to be practically negligible after averaging the results from repeated activations, the final uncertainties are determined by systematic effects. Only in case of the partial cross section to the ground state of 71 Zn, the counting statistics was not sufficient for achieving an adequate accuracy of the final result. Table VII shows a summary of the results obtained in all four activations together with the corresponding uncertainties. In spite of the variation of the experimental parameters (see Table I ), the results are all consistent within the estimated uncertainties, thus confirming the procedures applied in data analysis. These variations included different sample sizes and masses to verify the corrections for finite size and self shielding effects as well as different irradiation times to control uncertainties due to the half-life of the respective product nucleus. Previous (n, γ) cross section data for the investigated isotopes 64,68,70 Zn are rather limited [10, 32] . For 64 Zn as well as for 68 Zn, there is only a single measurement based on the time-of-flight (TOF) method. In both cases, uncertainties of 10% have been reported [33, 34] . The partial cross section to the isomer in 69 Zn has been studied once [35] and was quoted with an uncertainty of 25%, whereas there are no experimental results for 70 Zn at all.
As illustrated in Table VII , these uncertainties could be substantially improved. The numerical cross section data are compared for the MACS values in the following section.
B. Maxwellian averages
The values listed in Table VII represent average cross sections for the experimental neutron distribution used in the irradiations. Though the experimental spectrum corresponds in very good approximation to a thermal spectrum for kT = 25 keV, the cut-off at 106 keV requires a small correction, in particular if the investigated cross section exhibits a different energy dependence than the gold reference cross section.
For the calculation of the final MACSs
the correction was obtained by normalizing the differential (n, γ) cross sections, σ n,γ (E n ), e.g. from theoretical calculations with the Hauser-Feshbach (HF) statistical model [36] or from evaluated data libraries (http://www-nds.iaea.org/), with the new experimental values. Apart from the normalization factor 2/ √ π from the definition of the MACS in Eq. 6, these corrections are between 3% and 5%.
The normalized energy-dependent cross sections can also be used for extrapolation to other temperatures as shown in Table VIII . The data from the compilation of Refs. [10, 37] are listed before and after normalization to the present results for kT = 25 keV MACS values are commonly compared at the standard thermal energy of kT = 30 keV (Table VIII) . The value for 64 Zn is about 12% lower than the MACS based on previous TOF data [33] , but the uncertainty could be reduced by a factor of 2.5. In case of 70 Zn, the sum of the partial cross sections is considerably smaller than the previously compiled value that had been obtained by an HF calculation and an additional empirical correction factor [10] . The factor of two difference found for the 70 Zn cross section, which had been inferred from purely theoretical HF predictions [36, [38] [39] [40] [41] , is reflecting the uncertainty of the HF approach in this mass region. 1 h and 14 h) . Therefore, 69 Zn will always undergo a β − -decay before capturing a neutron. The second potential branching could occur between β − -and EC-decays at 70 Ga. However, the EC-decays occurs only in 0.4% of all decays, hence the branching can be neglected. This means, the s-process path is not even partly bypassing the s-only nucleus 70 Ge, hence 70 Ge is a well suited normalization point between s-abundance and solar abundance. On the other hand, the s-process path is completely bypassing 70 Zn, which makes it an r-only nucleus. The s process in the zinc region was investigated using the nucleosynthesis code NETZ [42] . The information on the respective stellar scenarios, i.e. the effective time dependent profiles for temperature, mass density, and neutron density in the considered burning zones were adopted from [4, 43] . The cross sections used are the latest recommended values from the KADoNiS database [32] , which followed the compilation of [10] .
The most important change in the abundance distribution of the weak s process results from the new, reduced neutron capture cross section of 64 Zn. The comparison of the overabundance factors in Fig. 7 shows that the abundance of 64 Zn is increased by 11%, while most of the heavier elements up until mass 90 are slightly less produced because of the aforementioned propagation effect that is typical for the conditions of the weak s process. This effect reflects the fact that the local equilibrium of the s-process is not reached during the conditions of the weak s-process component. The half-life of 71 Zn m could be determined to 4.125±0.007 h, with a significantly improved accuracy compared to the previous recommendation. The weighted average of the combined data yields a value of 4.120±0.007 h.
Compared to previous measurements on 64,68 Zn, the uncertainties could also be significantly improved, while the 70 Zn cross section was found two times smaller than existing model calculations. From these results Maxwellian average cross sections were determined between 5 and 100 keV.
The consequences of these data have been studied by network calculations based on the temperature and neutron density profiles for convective core He burning and convective shell C burning in massive stars. These simulations of the weak s process reveiled that only the change of the 64 Zn(n, γ) 65 Zn cross section results in significant abundance changes compared to the previous set of MACS values. The other cross sections have much smaller impact because the MACS of 68 Zn did not change and 70 Zn lies outside the main path of the weak s-process component.
